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The velocity, attenuation, and frequency of moving stri-
ations in the positive colum of a hot cathode glow discharge
are determined experimentally. Plasma-acoustic wave dispersion
relations which would be appropriate for explaining these stri-
ations by means of a linear fluid model are derived. The
properties of various large amplitude waves predicted by none
linear fluid models are discussed. A camparison of the strie
ations' behavior and the plasma-acoustic wave theories demone
strates that the frequently assumed relationship between these

two phenamena does not exist,

The experiments were performed In an argon discharge at
pressures fram 20 to 480 mtorr. and with discharge current
densities on the order of 25 ma/cm?, Typical electron den=-
sities and temperatures were 2 x 10!%cur3 and 2 x 10* °K, The
velocity of the striations varied from 2.1 x 103 to 1.3 x 10%
cm/sec,, while the frequency varied from 6 x 102 to 2,3 x 10%

cycles per second.
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CHAPTER I

INTRODUCTION

Striations - alternate regions of increased and diminished
light intensity in the positive colum of low pressure gaseous
discharges-—were seen as early as 1843, Although the exper-
iments of many investigators since that time have contributed
to the qualitative understanding of this phenamenon, only a
relatively modest amount of significant quantitative data has
been accumulated. With one recent exception, attempts to
explain the origin and propagation of the striations theoret-
ically have met with extremely limited success, The core of
the problem has always been the difficulty in devising a theory
which is uncamplicated enough to campare with experimental work

and yet contains all of the pertinent parameters of a gaseous

~ discharge, Despite these inherent difficulties, the fleld

continues to attract many plasma physicists,

It is the purpose of this paper to present the results bf
observations made on self-propagating disturbances in a gas
discharge tube operating at pressures between ,02 and .5 torr.,
a range of pressure me to two orders of magnitude lower than

that used for most previously reported striation experiments,



We will first show that at these lower pressures the striations
behave similarly to those observed at higher pressures, and then
demonstrate that neither a linear nor a non-iinear theory of
plasma-acoustic waves can adequately describe the propagation

of the striations,

A brief survey will first be made of previous experimental
and theoretical results with emphasis on work related to stri-
ations of the type which move through the positive colum from
the anode toward the cathode,

One of the most persistent theories relates the ‘str'iations
to the longitudinal ion waves which were described by Tonks and
Langmiir in 1929, %17+
bright regions of the discharge correspond to density maximums

According to this explanation, the

in a propagating wave, or nodes in a standing wave, The
standing wave would be composed of a wave traveling fram anode
to cathode, plus a wave reflected fram the negative end of the
positive colum, Appropriate phase shift upon reflection could
cause the nodes to travel away fram the anode, Fowler suggested
that this type of wave could grow in a non-=linear fashion and
become a shock wave of "moderate strength", the striations then
appearing at the position of the shock f‘rmtoz If the lon wave

interpretation 1s correct, then the wave could be initiated by



instabilities in the colum or at 1ts boundaries.,

Another approach using a wave model is that of Robertsonu

and Oleson and ‘fl::;.t:anabeo5 Using a theory in which the ionization
and excitation processes are explicitly included in the initial
equations, they find that wave-like solutions are possible, The
parameters of these theordies are very camplicated; and usable
dispersion relations can only be found for the most simplified
the positive colum since it is intimately related to the phy-

sical processes responsible for maintaining the discharge.

Other explanations require the striations to originate at
the cathode, anode, and/or Faraday dark Spa080193 None of these
explanations provide a mathematical description of how the dis-
turbance would travel through the positive colum; but they each
appear to be qualitatively consistent with at least one series
of experiments,

The most recent mathematical theory of striations, that
of Peka.rek,6 seems to agree quite well with experiments made
under particular conditions, At pressures on the order of 1
torr, and higher, a discharge can be made free of striations by
passing a current through it which is above the "critical"cur-

rent, Pekarek finds that applying an impulse disturbance to
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such a plasma creates "waves of stratification" which move to-
ward the anode with a phase velocity considerably greater than
the striation velocity. The striation then appears as a wave
packet composed of waves of stratification. Because the group
velocity of the wave packet is directed opposite to the phase
velocity of the stratification waves the packet moves away from
the anode, The basic physical mechanism here is the propagation
of a wave of ionization through the plasma, locally enhancing
the plasma density and changing the local electric field
strength, It is interesting to note that this theory is a
linear theory, and can only be demonstrated experimentally when
the conditions are such as to prevent non-linear behavior, 1.e.,

operation with currents greater than the critical current,

Two of the most frequently referenced post-1945 experiments
are those of Emeleus, Armstrong, and Neill,’ and Donshue and
Dielzce',l The experiment of Emeleus et,al. was one of the few
where the pressure was below 1 torr, Using a hot cathode mercury
vapor discharge at a pressure of 10~3 torr., they observed moving
striations by means of a wire grid and probes placed in the
plasma. Their results were mainly qualitative but it 1s evi-
dent that they considered the striations to be related to long-
itudinal ion waves, The observation of large amplitudes with

no apparent attenuation over the length of the tube caused them




to question whether a linear theory could accurately describe
the striations, They also tried to excite ion waves by applying
a square wave voltage to the grid in the plasma, No waves were
detected and they concluded that their system could not have
detected waves of small amplitude because of the large ampli-

tude nolse which was present,

Donahue and Dieke's most complete set of data was obtalned
from an argeon discharge at a pressure of 12 torr, A photamulii-
plier tube monitored the light intensity at a point in the dis-
charge, and the output of the P,M, tube was displayed on an
oscllloscope, Although the a=c component of the current in the
external circult was small compared to the total current through
the discharge, the photomultiplier showed that the light intensity
of the discharge was being modulated by as much as 100%, It was
found that several modes of oscillatlion were possible for a
glven pressure, and that these modes were determined by condi-
tions within the discharge tube., While in a given mode, a
decrease in current caused non-linear increases in the voltage
across the tube and in the frequency of the striations. They
did not derive an algebraic relationship between voltage or
frequency and current., Striations were also found moving
from the negative glow to the anode, These "negative" stri-

ations had velocities on the order of 10° cm/sec., while the



velocity of the “positive" striations varied between 3 x 103
cm/sec, and 3.5 x 10% cm/sec. As a negative striation passed
through a positive striation, both slowed down and produced
a region of enhanced light intensity, The velocities and
positions of striations under various conditions were shown
graphically, but were not woven into a general quantitative
theory,

After using smear photography to observe striations with
velocities on the order of 10* cm/sec. and frequencies of a
few kilocycles/sec, in neon at 4 torr., Emeleus, Coulter and
Cooper9 reported that thelr photographs suggested a non-linear
wave traveling from the anode and being reflected at the nega-
tive end of the positive colum; however, no quantitative

analysis was given,

Coulter'lo

later used smear photography to observe similar
striations in a cold cathode neon discharge at pressures from

2 to 60 torr., His results indicated that for this range of
pressures the striation velocity was given by V = const. p'l/ 2,
It was also stated that the wveloclty was rather insensitive to
the magnitude of the current, although the data indicated a
trend for the velocity to increase as the current was increased;

the trend becoming more pronounced as the pressure was reduced,



Negative striations were observed only near the Faraday dark

space,

An increase in the electron density in the striation was
measured by Sodamsky, using microwave techniques.ll In a neon
discharge at a pressure of 0.5 torr., he found that the region
between striations had an electron density on the order of
1010 cnr3, while in the striation the density was sbout five
times greater, The light intensity was greatest at the cathode
side of the high density region. The wveloclity of the striations

was on the order of 10° cm/sec,

The approximate operating conditions for the preceeding
experiments are summarized in Figure (1-1), and their main
features can be summarized as follows:

1, Coulter finds that the velocity of the striations

in neon is given by V = Const. p-l/z.

2, Striations in the rare gases are usually seen to
travel away fram the anode,

3. Although the velocity of the striations is not
gsensitive to the discharge current, a trend for
the wvelocity to increase with increasing current
is seen as the pressure is reduced,

i, For a glven pressure, and a given mode of oscill-

ation, the frequency of oscillation increases
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non=-linearly with decreasing discharge current,
5. The light intensity can be strongly modulated,
even 1f the current variations are small.
6. The velocity and frequency are determined prin-
cipally by conditions inside the discharge tube,

Many more references to experiments and theory can be
found in the article by Francis in Reference (12), and the
review article by Emeleus in Reference (13),.

Chapter 2 of thils paper discusses the theories of plasma-
acoustic wave propagation which we will compare to experimental
results, In Chapter 3 the experimental equipment and its oper-
ation are described. Chapter 4 contains a description of
specific measurements and the results of these measurements.
The camparison between these results and the theories of
Chapter 2 are made in Chapter 5, Chapter 6 summarizes the

conclusions of this paper and suggests future work,

ST
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CHAPTER II

THE THEORIES OF LINEAR PLASMA WAVES, FINITE SOUND WAVES,
AND SHOCK WAVES

2.1 Introduction

Since the purpose of this paper is to examine the question

of whether moving striations can be explained in terms of plasma-

acoustlic waves, we will first consider the requirements of
specific linear and non-linear wave theories which will be of
use to us in subsequent chapters, It 1s appropriate for us to
consider a linear theory for this reason; although various in-
vestigators, (usually upon‘ observing large amplitude variations
of discharge tube parameters in the presence of striations),
have questioned the applicability of linear theory, it seems
that a systematic attempt to reconcile striation experiments

to linear plasma wave theory has not appeared in the literature,
Furthermore, it will be shown later in this paper that one of
the most obvious discrepancies between the behavior of exper-
imentally observed striations and linear theory is not resolved

by the adoption of a non-linear theory.

Details of the linear theory discussed in this chapter
are presented in the Appendix.,

10
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2.2 Iinear Plasma-Acoustic Waves fram the Three-Fluld Model

It has been shown by Tanenbaum and Meskan (Reference 19)
that for a partly ionized gas whose particle densities and

temperatures lie in the ranges

2-1) 1010 < N, < 1016 om~3

= 9 14 =3
2-2) 10 <Ne,i<m cm

40
2=3) Ti,n < 10*°K

2-h) 10% < T < 108 °K; T, <5 T,

(where the subscripts e, i, n denote electrons, ions, and neutral
atams) the dispersion relation for the propagation of the longi-

tudinal plane plasma wave known as the ion~acoustic wave is given

by
w? v v w2
kZuZ 1 "-e'+ 1(36__ e)
2_5) e = (I)Z (ﬂ3
2 2
w w v, + v wsv
1 - _@._'_ 1( i n_ 1 n)
2 w 3



In this paper we will consider w to be a real quantity and
k a camplex quantity, The phase velocity is then given by
Voy = g and the attenuation factor by o = Im k. Letting
the subscripts o, B, §, refer to particles of the a, 8, & kind,
the quantities in equation (2-5) are defined as follows:

N e?
2e6) Wl B plasma frequency (for a singly ionized
a me
a o gas)
2=7) Va8 effective collision frequency for momentum

transfer between a and 8 particles (a # B8)

2-8) Vo ® Vap ¥ Vass By S F a3 B AS

2=9) V' = vy + Vin + Ven (me/mi)

vykT
2-10) Uo. e

a

1
a /2 th
adiabatic speed of sound in o fluid

where vy = ratio of specific heats, m, = mass of the ol

particle,
€, = electrical permittivity of free space, and k = Boltzmann's

constant,

The following assumptlions are also implicit in equation (2-5)
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an unbounded medium, no externally generated magnetic field
perpendicular to the direction of wave propagation, a fixed
percentage of ionization, fluids obeylng the ideal gas law
and an adiabatic energy equation, and variables of the form
usually assumed for a linear theory,

2-11) L' =1L +12 el llx = ut), 2| << || .

When the neutral density is much greater than the ion density
so that

2-12) N T >N T,

as it is for all of the experiments to be discussed in this
paper, equation (2-5) is valid for all frequencles where

Pe
2-13) w? > vn(vin + v, (r-n;))

except those frequencies which are very close to the plasma
frequencies. These special frequencles will not be of interest

to us since our experiment 1s performed at frequencies where

w <<

wi.
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2=1l4) V' << w << Wy

we can simplify equatiom (2-5) to

m
(=]

kU 1
2=15) —-wp'=l+155[vin+ven m
1
ykTe

my

1
where Up = ( ) /2 18 the plasma sound speed with T, >> T,

The imaginary part of k, which is independent of w, is
small according to equation (2-15); therefore this dispersion
relation represents a wave traveling with 'sl.lght attenuation per
wavelength and with the phase velocity

W
2=16) VpH =% Up

This 1s the ioneacoustic wave which has been observed by
several nesearchers.m'l7 The ions and electrons participate
in this wave with very little coupling to the neutral atoms
through collisions,
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An ordinary neutral sound wave can also propagate with
small attenuation in this frequency range. The dispersion

relation for such a wave is

_ 212 = 2
2=1T) kUn w +1mvn.

(A third wave solution, szi = w? - wi + dwv,,

in this range, but is not of interest to us because it is

is also valid

damped in extremely short distances),

As the frequency decreases and approaches v', the phase
velocity and the attenuation factor of the ion-acoustic wave

described by equation (2-5) decrease. When the frequency 1is

so low that
2 e
2=18) w? << vn(\o:‘_n + Von (q))

the correct dispersion equation for this wave becames

m
- 212 = =
2=19) k Up i”(“in + Ve (“‘1))
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or

Zeyy /2

1y
2«20) k Up (5.) 1+ 1)(\», + v (
which 1s identical to the dispersion relation derived by Hatta

and Satto in Reference (18).

Equation (2-20) shows that for this wave the damping
length 1s inversely proportional to the square root of the
frequency and the phase velocity is directly proportional to
the square root of the frequency, This is the only linear
plasma wave solution for which the phase velocity can be less
than the adiabatic sound speed for the neutral fluid.

In this same limlt the neutral sound wave becames a

wave traveling with the sound speed for the total fluid,

Y4Py *vFe + vy R v(Pg + P)
p:l.""’n""’e p:I.""’n

2 o
2=21) UT (Te >> Ti)

The dispersion relation for this wave is given by



e T T D el B B D D U B Ty o =

17

w(U,%. - U2)
2-22) kzu% = w?ll +1 --\-,——"-J

When the lon temperature is nearly the same as the neutral
2

temperature, and N, T, > Ne Te’ Up 1s of thev same order

of magnitude as Ul?l and the damping of this wave is very

small, The dispersion relation of equation (2-22) then be-

comes
w(U% - Ufl)2
2=23) k UT 2 of1 +1 " ]
JRegpin
2p 5 UT

n

which shows that the phase velocity is U’I' and is independent of

frequency, but that the damping length is proportional to w™2,

2.3 Effect of Drift Velocities

The preceeding dispersion relations were derived under the
assumption that none of the fluids had a drift velocity in ad-
dition to the velocity due to the wave motion. In the event
that the ion and electron fluids are drifting, with drift vel-

ocitles V

ol and V oe (which are both assumed to be much smaller
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than U P) , the dispersion relation given by equation (2-15)

becanes2u
V
% - (-—))+1< °i n,y e (—-))1
2=2 =
U
b

\Y \Y m
t+yB, o (;&))11/2.

The positive sign in equation (2-24) is to be used for the wave
propagating in the positive x direction. Writing the dispersion
relation explicitly for the waves travellng in the two direc-

tions we have

v m \/
en . ey 1 oe
+ 1 Up— (@)(z - U;-) ( positive x direction )
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and

(negative x direction),

Irfv e ™ V01 = 0, these two equations reduce to equation
(2-15). In the experiments to be discussed later, Vy 1s in the
positive x direction and V is oppositely directed, while

|V >> (—)V .
" I"’i l

If for this case we write the phase velocities and damping
factors explicitly we find

U
- G = D ry
2=27a) Tr v U +V°i
*t n-gh
J
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v A iv__1
2-28a) Imk Ui-“-<%-+v‘-’-1-)+u.?-2(-3)(%-+-32°;-)
P P P

v v
2-280) Im-k_=Ui—’-‘»(%-+U9}= rr"'“")‘z‘ 'U""')
P P

Thus in this approximation the phase velocity of this wave
is equal to the phase velocity of the same wave in a stationary
fluid plus or minus the ion drift velocity, depending on whether
the wave is traveling with or against the drift motion of the

ions,

The damping factors are also modified by the fluid drift
velocities, with the higher phase velocity wave having consid-
erably less attenuation than the low phase veloclty wave, The
phase velocity and damping factor of both waves is independent

=0°

of frequency, as was the case for V oe = Vot

Only plane wave soluticns have been consldered in this
section, The frequencies at which we perform our experiments
are below the cutoff frequency for the mode of propagation
which is found by including the effects of the finite discharge
tube radius, Thus we have assumed that only plane waves will

propagate, a situation which is analogous to having ordinary
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plane sound waves in a tube whose diameter is small compared

to the wavelength, 16,17,27

2.4 Finite Pressure Waves and Shock Waves

In this section we consider one-dimensional pressure waves
of finite amplitude and shock waves in terms of a single-=fluid
model as presented by Landau and Lifshitz in Reference (15),

The sound speed for an infinitesimal amplitude sound wave,
Cg = -:—-9» , 1s a first order solution to the equation for sound
wave p;'opagationo Higher order solutions are not lmportant
because the small amplitude wave is attenuated by viscous
damping or thermal energy loss before the higher order terms

can have any effect on its motion,

When the amplitude 1s large enough 1t becomes necessary
to include higher order terms in the solution of the wave
equation, The situation can be described physically by con-
sidering a pressure pulse of finite amplitude and width, Be=-
cause the pressure is greatest at the peak of the pulse, the
speed of sound in the fluid at the position of the peak is
greater than the sound speed for elements of fluild to either
slde of the peak, As a result, the pulse tends to became

more sharply peaked spatially, a process which continues until
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a shock wave is formed, If the initial sound wave 1is sinu-
soldal with a wavelength Ao and frequency ® s the shock
fronts which develop will be a distance Ao apart, Until

. the time that the shock has formed, any point on the profile

of the wave will travel with a velocity u = c, t v where v
is the velocity of the fluid through which the wave is prop-
agating,

A Fourler analysis of the steepening wave will show that
as 1t becomes steeper, higher Fourier components appear at
frequencies which are multiples of the fundamental frequency w e

If the initial amplitude is such that a "weak" shock
develops, the shock velocity in a perfect gas will be given

1
byu=co+§(y+1)vo

The shock front which develops through the above process
is in fact defined by a surface of discontinuity through which
the fluid pressure, velocity, and density are discontinuous
functions of position, The thickness of this shock front is
determined by the strength of the shock,

Ancother type of discontinuity surface is known as a "weak"
discontinuity, It is characterized by the fact that o, v, and P

are continuous but one or more of their spatial derivatives are
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discontinuous or infinite across the surface, Unlike the
shock wave, a weak discontinuity travels with the local
speed of sound, each point on the wave profile propagating
in the same manmner as in a linear wave, which results in a
spreading of the discontinuity as time advances. These weak
discontinuities cannot develop without a stimulus extermal to
the wave such as a singularity in the time variation of the
fluid flow,

A single fluid model has been considered in this section
because our experimental results indicate that the ions and
electrons are strongly coupled to the neutral atoms, In this
case v, the drift velocity of the fluid to which we have
referred in the previous discussion, 1s given by

p:Lvoi + pevoe + pnvon

2=29) v =
Py + Pe + °n

]

Since for our experiment Vo = 0 and Pn > pe,i we have

approximately
n m n,v
2-30) vi-i-(voi+v L)) & Lo o1,

™ o M
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This relation shows that if we include a drift velocity
in our analysis, it can only result in a slightly increased
velocity for a finite wave or weak shock wave which travels
in the direction of the ian drift,



CHAPTER IIT

EXPERIMENTAL EQUIPMENT AND DISCHARGE TUBE OPERATION

3.1 Introduction

The experimental equipment, Figures (3-1) and (3-2),
consists of two systems; ane system including those camponents
necessary to maintain the discharge, and the other composed of
apparatus used for monitoring and recording data., The major

camponents of these systems are described in this chapter,

3.2 Discharge Tube

The discharge tube is constructed of three sections
which are joined together by O-ring seals, It has a 5 cm.
I.Ds and an anode-to-cathode length of 66 cm, Complete di-

mensions are given in Figure (3=3).

The cathode section contains the cathode, a fixed tungsten
grid, and a port used to evacuate the tube and to admit argon
gas, An oxlde coated cathode from a 6011 thyratron is used,
These cathodes, which can emit several amperes, are supplied
by the General Electric Company., The center section is a
piece of Pyrex tubing with O-ring flanges at both ends. By
using center sections of different lengths, the overall length

25
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of the discharge tube can be easlly changed.

The anode section has two 5/8 in, 0.D, Pyrex armms extending
behind the anode which were necessitated by the type of axially
mobile grid and probe employed in the tube, The seals at the
ends of the arms, as well as the grid and probe are described
in the next section, Support for the discharge tube is supplied
by ring stands and clamps,.

3,3 Probe, Grids, and Seals

The Langmuir probe was made by fusing .01 in., diameter
tungsten wire into .125 in. pyrex tubing via a uwranium glass

seal,

The movable and stationary grids are of ldentical construc-
tion, A tungsten rectangular grid of ,001 in. wires with .030
in, between adjacent wires was spot welded to a nickel ring
which provides circumferencial support and a means for fastening

the grids to the electrodes which hold them in position.

An electrode for the fixed grid is inserted through the
wall of the discharge tube 11 cm, from the cathode, while the
electrode for the movable grid is fused into a piece of pyrex

tubling like that used for the probe,
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The two pleces of ,125 in, tubing which support the probe
and movable grid extend fram the discharge region past the
anode and into the extension ams of the anode sectlon, There
the tubing is fused to the ,375 in, 0.D. precision ground
tubing which is the reciprocating member of the O-ring seal

at the end of each arm,

These two=-plece O-ring seals each have two internal O=-ring
grooves, a geometry which requires the inside diameter of the
seal to be large enough so that O=rings can be inserted with-
out excessive difficulty; hence the choice of .375 in, tubing.
Since the ,375 in. tubing camnot extend past the anode, the
total axial movement available to the probe and grid is the

same as the distance between the anode and the sealsj 28 cm,

3.4 Vacuum System and Gas Supply

The vacuum system consists of a 2 in, air cooled oll
diffusion pump with a water cooled baffle, and a 5 cu, ft/min,
mechanical roughing pump., This arrangement provides a static
base pressure of less than 4 x 107% torr. in the discharge
tube, as measured by a cold cathode ionization gauge. When
the probe or grid are moved through their maximum displacement
with constant but moderate speed the pressure of the system

remains below 10~° torr. and returns to the base pressure
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within 30 seconds, During a data run the probe is moved in

2 cm, increments and the recovery time is at most a few seconds,

The usual operating pressures of the discharge, 10=2 to
.5 torr, are in a range of poor accuracy for the cold cathode
ionization gauge, so a Pirani gauge is used to measure pres-
sures in this range, Two calibration compensations are neces-
sary; the first because the Pirani gauge is calibrated for air,
and the second because the discharge is normally run with a
continuous flow of argon through the tube, The first cor-
rection is made by obtaining the true pressure for argon from
a graph supplied by the gauge manufacturer, The second cor-
rection is accomplished by running the discharge with and
without a flow of argon., For a given indicated pressure in
the flowing system, the discharge tube voltage and current
and the frequency of the striations are recorded, (The stri-
ation frequency is particularly sensitive to the pressure,)
Measuring the pressure while running the tube at the same
voltage, current, and striation frequency with no gas flow

then gives the corrected pressure reading.

The flowing system is used to insure that the purity of
the gas is maintained over long time intervals, O-ring seals
cannot be made absolutely tight, and if the flowing system were

not used the ratio of argon to other gases within the tube



would decrease significantly within times on the order of
hours, To control the flow of argon an Edwards leak valve

1s used between the argon cylinder and the discharge tube,

3.5 Power Supplies

The anode voltage is provided by a regulated D.C. supply
rated for .5 amperes at 0-600 volts. A series comnection of
three 250 ohm resistors, together with a total of 60 mf. cap-
acitance, provides a total load resistance of 750 ohms plus
RC filtering in addition to that of the power supply. The
cathode heating current, usually 11 amperes, is provided by
a battery=eliminator type D.C, supply with an output of

15 amperes, and 0-12 volts,

A third power supply which is sometimes used to provide

D.C, blas on the grids is rated at .15 amp, 0«500 volts,

3,6 Phase Sensitive Detection System

A lock-in amplifier (LIA) provides a complete phase
sensitive detection system including frequency selective
tuning and amplification in a signal and a reference channel,
a mixer-modulator, a low-pass filter and detector, and output
circults suitable for driving data-recording devices, The
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LTA allows one to detect a weak signal in the presence of
strong background nolse by amplifying the frequency camponents
of the input signal which are frequency and phase coherent
with respect to the reference channel signal., Various modes
of operation are possible, but only the mode normally used
for this experiment will be described,

A reference signal of the same frequency as the modulation
of the discharge tube plasma is applied to the reference chamnel,
This reference signal can be obtained from the current in the
extermal circuit when spontaneously generated disturbances are
being studied, from an external oscillator if the voltage of
one of the grids is being modulated, or, for any type of moG-
ulation, from another grid or probe in the plasma, The LIA
is tuned to this frequency and the reference signal is ampli-
fied to drive the mixer-modulator,

Input signals can be taken from the output of a photo-
multiplier tube, a probe, or a transformer used to measure a=-c
currents in various portions of the extermal circuit., The
frequencies of the signal which correspond to the reference
frequency are filtered and amplified in the signal channel
of the LIA before entering the mixer-modulator, whose output
is at the sum and difference of the signal and reference fre-

quencies. Since the difference frequency is zero, (d-c), a
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low-pass filter is used to separate the sum and difference
frequencies, The amplitude of the d=-c component is converted
to a voltage which can be read on a panel meter or used to
drive a chart recorder, This output voltage is proportional
to the amplitude of the imput signal at the reference fre-
quency and to the cosine of the phase angle between the signal
and reference waveforms; hence the term "phase sensitive de-
tection", An adjustable phase shifter in the reference
channel allows one to maximize or minimize the cosine of the

phase angle,

3.7 Optical System

The input signal to the LIA usually comes from the output
of a photamultiplier tube (P,M,) which is used to monitor the
Hght intensity of a particular region of the discharge.
Dumont 6467 photomultiplier tubes are used with a 10K load
resistor and 1,3 KV acn;ss the tube, The photomultiplier can
be mounted on a grating monochromator when it is desirable to
lock at the light output at a particular wavelength or can be
mounted so as to monitor the total light output, In either
case, the light is focused on the plane of the monochromator
entrance slit by means of the lens and mirror system shown in

Figure (3-5), A mirror and 8 in, focal length lens are mounted
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on a carriage which is moved parallel to the axis of the dise
charge tube by an electric motor, The focal point of the
lens 1s on the axis of the discharge tube, Parallel light
emerging fram the movable lens is gathered by a stationary
lens and focused on the plane of the entrance slit, This
arrangement keeps the light focused on the slit as the mirror
and lens traverse the length of the tube, The region of the
discharge contributing to the light 1s approximately a thin
plane perpendicular to the discharge tube’s axis, For an
entrance slit width of 50 microns, the width of this plane

is less than 1 mm, Care is taken in alignment of. the mirror
to insure that the plane observed is not skewed with respect
to the tube axis,

3.8 Qualitative Description of Discharge Tube Operation

3.8,1 D.C, Effects

The quantitative understanding of the consequences of
inserting a grid which is biased to some D.C, potential into
a gas discharge 1s in itself a problem of considerable com=-
plexity and is outside the scope of this paper. The philosophy
which was adopted with regard to the grids was that they are to
be considered as auxiliary devices which can possibly help to

create conditions within the positive colum which are favorable
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to the study of plasma waves, Therefore, we did not attempt

a quantitative survey of the effects of the many possible
cambinations of grid bias and position; however, certaln qual=-
itative effects were sought. It was hoped that proper biasing
of the grids could increase the axial uniformity of the plasma
between the two grids and reduce the noise amplitude, It was
also hoped that the grids would provide clearly defined bound-
aries for plasma wave propagation in the tube, These hopes
were fulfilled to a limited extent as wlll now be described,
considering first the general D.C, behavior of the discharge
with the grids present, This description refers specifically
to a discharge running with 76 volts from cathode to anode,
500 ma, discharge current, and a pressure of 8 x 10~2 torr,,
but is typical of the operation within the investigated range

of pressure and currents,

Surrounding the cathode is the cathode glow, a region
of moderate light intensity which gradually diminishes with
distance from the cathode. Another region of moderate intensity,
the negative glow, begins approximately 6 to 7 cm, from the
cathode and diminishes into the Faraday dark space which ex=
tends to the fixed grid 11 cm, fram the cathode (the dimen-
sions in this section refer to the tube as shown in Fig. (3-3)),

Adjacent to the anode side of the grid 1s a region of high light
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intensity. This region extends for about 2 cm, where it seems
to become a second Faraday dark space, The luminous negative
end of the positive colmun begins about 6 cm., from the fixed
grid, The first several centimeters at this end of the positive
colum are not uniformly intense, but at 8 to 10 ecm, from the
end, the uniform colum begins and extends to the movable grid,
The region on the anode side of the movable grid is similar to
the corresponding region at the fixed grid--a few centimeters
of high light intensity followed by a "Faraday dark space",
and then another portion of the positive colum which extends
to the anode,

A decrease in pressure results in a decrease in the length
of the positive colum, while a decrease in current causes a
slight shortening of the positive column and a reduction of

the light intensity in all regions of the discharge,

The intense regions on the anode side of both grids is
probably due to an acceleration of the electrons as they flow
through the grids on their way to the anode, Within a few
centimeters they lose their added energy by colliding with
neutral gas atoms and are then accelerated again in the dark
space until they gain enough energy to excite neutral argmn
atams. The region where this energy is attained is the start

of the positive colum,
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When elther grid is biased negatively with respect to
the plasma, the discharge tries to bypass the grid by going

through the space between the grid and the wall of the tube,

Positive bilasing of the grids results in electron current
being drawn from the discharge, Since the cathode is capable
of providing at least twice the maximum anode current (500 ma,),
the anode current remains almost constant even when several
hundred milliamperes are being collected by the grids, Current
drawn by the fixed grid does not have an appreciable effect on
the d-c behavior of the positive colum, Increasing the cur-
rent collected by the movable grid causes increased luminosity

of the positive columm on the cathode side of the grid.

Since we observed no significant advantage of operation
with the grids comnected to the extemal circuit, most of the
measurements reported in Chapter 4 were made with both grids

floating and the movable grid positioned 7 cm, from the anode,

3.8,2 A.C, Effects

When the positive colum which visually appears to be
steady and uniform is observed by means of the photomultiplier
tube as described in Section 3,7 it is found that the light in-

tensity at any point in the colum shows rapid variations in
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time, The regularity of the variation with time depends on
whether an Inductance is placed in the cathode circuit as
shown in Figure (3-4), Figure (3=6) illustrates the photo-
multiplier output voltage with and without the inductance in
the circult, Our experiments show that the fundamental fre-
quency of the striations is not determined by the inductance
or other extermal circult parameters, a result which agrees
with those of other investigators, When the inductor 1s ab-
sent the frequency spectrum is spread more broadly about the

fundamental and harmonic frequencies,

The striations are observed to spread spatially as they
travel away from the anode (Figure 3=7), This spreading, which
is also seen in the Fourier analysis of Section 4-2, does not

seem to have been observed in other striation experiments,

The voltage across the cathode circuit inductance shows
peak-to-peak variations on the order of 10 volts, Despite this
large voltage variation (L di/dt), it is known that the amount
of current participating in each Fourier frequency component
is on the order of tens of microamperes, an amount which is
very small compared to the total discharge current, which 1s

at least 350 milliamperes (Figure 3=8),

As the presence of the inductance did not change the



Upper Trace: Photamltiplier Output,
Cathode Grounded

Vertical: 50 mv/div

Horizontal: 100 us/div

Lower Trace: Photamultiplier Output,
Inductor in Cathode Circult

Vertical: 50 mv/div

Horizontal: 100 ps/div

Pressure: ,08 Torr,
Discharge Current: 500 ma.

Fig, 3-6. Effect of Inductor in Cathode Circuit
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Upper Trace: Voltage Across Cathode Inductor
Vertical: 20 v/div
Horizontal: 100 us/div

Lower Trace: A.C., Current in Anode Circuit
Vertical: 10 ma/div
Horizontal: 100 us/div

Pressure: ,08 Torr,
Discharge Current: 500 ma,

Fig. 3~8.

Cathode Voltage and A.C. Anode Current
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frequency of the striations, nor, we assume, the propagation
of the striations through the positive colum, it was advan-
tageous to make our measurements with the inductance in the
circult, The resulting regularity of the striations greatly
simplified the time synchronization of many of our measure-

ments,
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CHAPTER IV

MEASUREMENTS AND RESULTS

4,1 Introduction

The measurements described in this chapter were taken
while operating the discharge tube with Argon gas at pressures
between .02 and 48 torr. For this range of pressures the
fundamental frequency of oscillation was approximately pro-
portional to p"s/ “, An increase of the discharge current at a
given pressure causes a decrease in the fundamental f‘requaicy.
The pulses of extermal circuit current associated with the
striations were a small part of the total discharge current
(10 ma, peak campared to 500 ma, total)(Figure 3-7). Both of

these observations agree with those of Donahue and Diekecl

Our most camplete set of data was taken at a pressure of
.08 torr, The very regular behavior of the striations at this
pressure was typical of the tube operation for pressures be-
tween approximately .04 and .25 torr, Outside of this range
the measurements were made more difficult because of an increase

in the aperiodicity of the striations,

In order to orient the reader with respect to the order of

15
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magnitude of various plasma parameters we list the following
values which are appropriate for our discharge tube operating

at a gas pressure of ,08 torr,

= ,08 torr, Te = 1.5 eV
Ty = 300 °K N o % 2 x 1010 cp,~3
N =26 x 105 am,~? my/m, = 1.4 x 105
I/A = .27 ma,/cm.2 Ven = 1.5 x 108 sec,~!
wé = 6,4 x 10!9 rad,? sec,2 Vin 2 1,5 x 105 sec,~!
} = 8,8x 10 rad,? sec,? L, (mfp) = 3x 102 cm,

= -1
Len(mfp) 6 x 10~! cm,

4.2 Measurement of the Striation Velocity and Amplitude

Using the frequency selective properties of the LIA en-
abled us to determine that the same fundamental and harmonic
frequencies were present in the photomultiplier and negatively
blased Langmuir probe signals as in the ac current in the ex-
ternal circult, This allowed us to use the voltage across the

cathode circuit inductor as the reference signal for the LIA,

The output voltage fram the photomultiplier tube or the

movable Langmuir probe was connected to the LIA signal channel
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and the relative amplitudes of the Fourler components of these
signals were determined in the following manner,

The LIA was tuned to the frequency of interest and the LIA
phase shifter adjusted until we obtained a maximum reading on
the LIA panel meter, This was equivalent to setting the cosine
of the phase angle between the signal and reference voltages
equal to one; therefore the meter reading gave the amplitude of
that Fourier component directly (in arbitrary units),

The time delay introduced into the reference channel by
the phase shifter was measured using the circult of Figure (i-1),
An audlo oscillator providing a signal at the frequency to
which the LIA was tuned was connected to the reference chamnnel
of the LIA and to chamel B of the EPUT meter.* Chamnel A of
the EPUT meter received the output of the LIA reference chamnel.
The time delay in micro-seconds was obtained directly from the
EPUT meter by operating it in the (B-A) mode, It was necessary
to check the triggering level of the EPUT meter at each fre-
quency to insure that the indicated time delay agreed with the
phase shift measured by means of a Lissajous figure which was
displayed on an oscilloscope, The oscilloscope connection is

¥ EPUT is an acronym for Events Per Unit Time, An EPUT meter
is a versatile dual channel triggered counter.
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also indicated in Figure (i=1),

These measurements of amplitude and phase delay were re-
peated at intervals of two centimeters along the tube axis,
The photomultiplier output pulses shown in Figure (3-7) and
Figure (4=6) are typical of the pulses which were analyzed.
The rise times of these pulses are slower than the response

of the photomultiplier output circuit,

The velocities of the striations were found by plotting
the phase delay time versus the position along the tube, The
reciprocal of the slope of the resulting curve then gives the
velocity, Plotting the LIA meter reading versus position for
the fundamental and harmonic frequencies gives an indication
of the behavior of the amplitude of each Fourier component of
the striation as the striation propagates through the positive

colum,

The data given in this section was taken with the photo-
multiplier monitoring the neutral argon emission at 4200 ang-
stroms (excitation energy 14.50 e.v.). A number of these same
measurements were made with the photomultiplier monitoring the
total light emission and with the negatively biased Langmilr
probe monitoring changes in the ion saturation current, The

velocities and relative amplitudes of the striatlons as measured
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with these two different detectors agreed well with the measure-
ments made using the 4200 ?\ line, (n this basis we concluded
that the charged particle and neutral atom motion was closely
coupled, and that it was not necessary to make the measurements
with each of the three types of detection. Monitoring the

4200 Z line was chosen in preference to using the probe since
there could be no question of disturbing the plasma with the
detector, and in preference to monitoring the total light oute
put because we felt that it was desirable to define the source

of light emission as well as possibles

A set of the phase delay and amplitude curves showing the
behavior of the fundamental and 3 harmonic frequencies at a
gas pressure of .043 torr. and a discharge current of 500 ma.
is shown in Figures (4~2) and (4=3). In Figure (4-2) the curves
have arbitrary time (vertical) axis intercepts. These curves
are representative of the quality of the data which was obtalned
at other pressures and currents, Since the slopes of the curves
in Figure (4-2) are not constant, it 1s clear that in this case
the striations are slowlng as they move away from the anode, At
pressures above approximately .l torr, the slopes were constant
over the axial distance observed. Table (i=1l) gives the stri-
ation frequency and velocity for various pressures and currents,

A double entry for the velocity indicates that the slope of the
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TABLE U=l

STRIATION VELOCITY AND FREQUENCY

Discharge | rrequencies
Pressure Velogity .
(Torr. ) C?ﬁ:f?t M?gi?gid V x 10~* cm/sec,
00’43 350 6.9 2100; 1105
13,7
20,8
043 500 5,75 15.1; 9,44
11.5
17,2
22,7
.08 350 3.64 10.7; 7.2
7.25
14,3
.08 500 1,18 13.0; 8.34
8,41
12,7
16.7
20,8
.16 350 1.95 3.75
3.9
7.8
<16 500 2.27 5.3
4,54
6,84
9.1
11,4
025 350 667 1.29
134
2.0
25 500 1,42 3.04
2.88
4,32
U8 500 .885 .81
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time delay versus distance curve was not constant. The larger
number represents the asymptotic value of the velocity near the
movable grid, while the smaller number gives the asymptotic

value at the positim of observation most distant from the grid.

Qur data indicates that the velocity is nearly proportional
to p~! instead of p~ /2 as found by Coulter.l® We do not attach
much significance to this discrepancy since Coulter quotes an
experiment previous to his which also indicated that the velocity
is proportional to p=! (Whiddington, Reference (22)), Whidde
ington's experiment was done in argon, as was ours, while .

Coulter used neon,

The amplitude versus distance curves in Figure (4-3) show
that the amplitude of the various Fourier components do not
decay smoothly, They do show the tendency for higher harmonics
to damp more rapidly which results in the observed spreading of
the pulse., In order to obtain numbers for the attenuation dis-
tances which could be compared with theory (in Section 5.2), we
drew the solid lines shown super-imposed on the curves, The
values which were obtained are only intended to indicate a lower

limit for the damping length.
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4,3 Measurement of Electron Temperature and Density

The well known theory of the single Langmuir probe allows
us to determine the electron temperature and density from the
current-voltage characteristics of a collector inserted into
the plasma.’® One determines the electron density by finding
the slope of the curve which is obtained by plotting the square
of the electron saturatim current to the probe versus the

probe voltage. For a cylindrical probe the square of the den=-
sity 1s given by

wm d4(12.)  da(2)
£ =S, _av_es % constant
2e3A§ a’

2 =
4a1) Ne

where 1 es is the electron saturation current and Ap is the sur-

face area of the cylindrical probe,

To determine the electron temperature, one makes a semi-
log plot of the electron current versus the probe voltage (not
in the saturation region of the probe characteristic). The

slope of this curve should be a constant given by

1) d(1n 1,) .o ® s constant
= av TkT .
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Despite the apparent simplicity of equations (4=1) and (4=2),
there are many subtleties involved in obtaining meaningful probe
data. The two which were of most concern to us were the necessi-
ties of taking the entire probe curve in the absence of plasma
osclllations and over a time interval during which the density
and temperature remained reasonably constant, Both of these re-=
quirements were satisfied by devising the probe circuit shown in
Figure (U4=4) which allowed us to obtain the entire probe curve
in a time interval which was small campared to the period of
the striations,

The timing is initiated by obtaining a trigger from the
voltage across the cathode inductor and using this trigger to
synchronize time base A, which determines the repetition rate
at which the curves are taken, Time base A then supplies a
delayed trigger to time base B which determines the probe
voltage sweep rate, The time delay of the trigger pulse from
time base A is continuously variable, This allows one to take
the probe curve at any time during the perlod of the striation,
The voltage ramp from time base B goes to the simple cathode
follower which then drives the probe circuit shown in Figure
(4b=4), By driving the horizontal deflection plates of the
type 555 oscllloscope with the probe voltage and displaying

the probe current on the vertical axis we obtained a direct
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plot of the current-voltage characteristic, The frequency re=-
sponse of the horizontal deflection amplifier was the limiting
factor in obtaining fast probe curves from this system, Even
so, the data of this section was obtained from probe curves which
were taken in less than 20 microseconds,

Figure (4<5) shows two probe curves together with the
photomultiplier output, In each case the photomultiplier was
monitoring the plasma at the position of the probe, The ine
tensified region of the photomultiplier trace is the actual
total sweep time for the probe voltage, but only for about the
last 15 microseconds of this sweep time does the probe collect

electron current,

Probe curves were taken immediately after a striation had
passed the probe and several microseconds before a striation
arrived at the probe, The results of these measurements for
various currents and positions in the .08 torr. discharge are
given in Table (U4=2), Some data is also given for pressures
of ,043 torr. and .16 torr, to indicate that the electron den-
sity and temperature was not strongly dependent on the pressure,
For all of the data presented in Table (4=2) the curves which
were analyzed according to equations (4=l) and (4-2) displayed
quite linear slopes which implies that the electron energiles
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were closely described by the Boltzmann distribution function,3

The data of Table (4~-2) shows that there is a significant
increase in the density and temperature of the electrons assoe
clated with the region of emhanced light emission. The density
changes by a factor of approximately five as the luminous re-
glon passes the probe, a factor which is in very good agreement
with the mlcrowave measurements of Sodcmsky.ll

There were certain positions between striations at which
reasonable probe curves could not be obtained, The reason for
this is not completely understood, but we suspect that it in-
dicates that there are small regions over which the electron
density, temperature, and/or plasma potential are changing

rapidly., The leading edge of the striation is one of these

reglons,

4.4 Qualitative Observations of the Effects of Applying an

Audio Frequency Signal to the Fixed Grid

When an audio osclllator and cathode follower were used to
drive the fixed grid, two effects were observed which were not
pursued in detail but which seem interesting enough to warrant
their description in this section.
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The first of these effects was observed when the inductor
was used In the cathode circuit and the naturally occurring
striations were thus very regular with a well-defined funda-
mental frequency. If a variable frequency signal of approx-
imately 20 volts peak~to-peak was applied to the fixed grid,
the frequency of the striations became the same as that of
the applied signal as long as the applied frequency was not
more than approximately twice the natural fundamental frequency.

When the applied frequency exceeded this limit the stri-
ations reverted to their natural frequency and only a small
amount of the grid signal was seen superimposed on this funda=-

mental frequency.

The second effect was observed with the cathode comnected
directly to ground, Square wave (on-off) modulation was imposed
on the signal from the audio oscillator which was operating at
the natural frequency of the striations. The period of the
square wave modulation was approximately 6-7 times longer than
that of the carrier frequency. A negatively blased Langmuir
probe was used to observe the effect of this grid drive on the

plasma,

The signal seen by the probe and the current flowing into
the grid are shown in Figure (4-6), It can be seen that the



Upper Trace: Driving Current to Grid
Vertical: 20 ma/div
Horizontal: 100 us/div

Lower Trace: Probe Current
Vertical: 10 ma/div
Horizontal: 100 us/div

Upper and lower traces triggered simultaneously

Probe 24,5 cm, from grid
Pressure: ,043 Torr,
Discharge Current: 500 ma,

Fig. 4-6. Driven Grid and Probe Signals
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effect of the grid signal is to synchronize the striations in
the plasma for a time duration equal to the "on" time of the
modulation, The time interval between the start of the grid
drive and the appearance of the signal at the probe was a din-
ect function of the position of the probe relative to the grid,
By observing the probe signal as the probe was slowly moved
from the grid to the anode we ascertained that the envelope

of the signal reached the probe at a later time as the probe
was moved away from the grid; thus the signal was traveling
from grid to anode. However, we also observed that the indiv-
1dual synchronized striations inside of the envelope were
moving in the opposite direction, i.e.,, from the anode toward
the cathode. Therefore this phenomenon qualitively displayed
the features of a backward wave—a group velocity directed

toward the anode and a phase velocity in the opposite direction.



CHAPTER V

DISCUSSION OF THE RELATION OF THE EXPERIMENTAL DATA TO THE
THEORIES OF PLASMA-ACOUSTIC WAVE PROPAGATTION

5.1 Introduction

The data of Chapter U4 which could be compared with that
of other investigators has shown that the striations which we
observed were qualitatively and quantitatively similar to stri-
ations described in other papers, with the exception of some

discrepancies of questionable importance.

In this chapter we will discuss the question of a possible
relationship between the propagation of the striations and

plasma=acoustic waves.

The probe data of Section (4.5) indicates that the electron
density varies by as much as a factor of five during the period
of the striation and that the electron temperature may vary by
a factor of two. Variations of this magnitude introduce non-
linear terms into the equations describing the motion of the
charged particles and imply that inelastic processes are occur-
ring which have not been included in the initial equations,

Nonetheless, it is conceivable that the low frequency behavior

65
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N

of our weakly ionized discharge (ﬁe_ ~ 10=3) might not depart
n

significantly from that predicted by a linear theory because

of the predaminance of the neutral fluid,

A direct comparison of the velocities and amplitudes
given in Chapter U4 to the theoretical requirements of non-
linear and linear theorles of plasma-acoustic wave propagation
will demonstrate that none of these theories adequately des-

cribe the propagation of the striations,

5.2 Comparison of Experimental Data with Plasma-Acoustic Wave

'Iheog

Let us first conslder the magnitudes of the striations'
velocities. The highest veloclities were observed at low pres-
sures, As the pressure was increased the veloclty decreased to
below the adiabatic sound speed of the neutral fluid (3,23 x 10%
cm.sec,~!), This behavior was not unique to our experiment; for
example, most of the velocitles reported in Reference (1) at
pressures of 12 torr, were below the neutral sound speed, We
assume that the physical processes responsible for the propa-
gation of the striations do not depend upon whether the veloc-
ities are super- or subsonic since the transition apparently

occurs smoothly as the pressure 1s increased, This assumption
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requires that the theoretical explanation of the striations be

valid for velocities above or below the neutral sound speed.

In Chapter 2 we stated that experimental evidence (see
Section 4.2) indicated a close coupling of the three kinds of
particles and that this coupling Jjustified the use of a single-
fluid model for investigating non-linear behavior. In the
absence of any drift velocities, all of the non-linear waves
described in Chapter 2 had velocitles at least as great as the
local speed of sound, We also demonstrated that if the wave
propagates in the direction of the ion drift, as it is ob-
served to propagate in our experiment, then the inclusion of
drift velocities in the one-fluid model can only increase the
non=linear wave velocities which are observed in the stationary
frame of reference, These facts lead us to the conclusion that
the observation of subsonic velocities of propagation for stri-
ations which do not differ in any other way from striations
with supersonic velocitles is contrary to all one-fluld non-

linear theories of plasma=acoustic wave propagation,

The linear multi-fluid theory is not restricted by a lower
limit on the possible phase wvelocity. Equation (2-20) shows

that a wave solution exists that gives a phase velocity
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= 2w Y2, o T
S5«1) VpH = Up[;—i-;] 3 we << vn(vin + \)en (I-E;)) )

This phase velocity results from finding the very low fre-

quency and low percentage of ionization limit of

mé ve v'mé
k2y2 1-—+i(T'——
5-2) e . w? w3 .
w? w? v, + v WZv
s e Tl W s
Uz w w3

therefore, it was the phase velocity and damping length pre-
dicted by this equation which we attempted to match to the
experimental data, A computer program was written which, with
particle densitles and temperatures as input data, first cal-
culated the values of the collision frequencies, sound speeds,
and plasma frequencies, and then solved equation (5-2) for
the phase wvelocity and damping length as evaluated functions
of frequency. Expressions for classical elastic collisions
were used to evaluate the collision frequencies, With the
assumption that Te >> Ti,n’ the coll:la.sion frequencies for un-
1ike charged particles varles as Te' /2 and the charged particle-

1
neutral atom collision frequencles vary as (Ti e) /20
»
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The experimental results which most closely matched
equation (5-2) came from data taken with a pressure of ,043
torr, and 500 milliamperes discharge current, (Graphs of time
versus distance and amplitude versus distance for this case

were given in Section 4,2),

Figure (5-1) shows the measured phase velocity and phase
velocities calculated from equation (5-2) as ﬁmctiogs of fre-
quency, The constant value given for the measured phase velo-
city is that which was obtained in the region toward the anode
end of the positive colum and thus represents a maximum value
at this pressure and current (Section 4,2), Curve A is the
phase velocity obtained from equation (5-2) by using the
electron temperature and density, 1,86 x 10" °K and 1,3 x 1010
cm, =3, measured with the Langmuir probe, Since the phase velo-
city calculated from this data was higher than the observed

kT, 1, 2
iy ) and

obtained the value of 6,46 x 103 °K for T,. Inserting this

velocity, we set the measured value equal to (

value of Te into equation (5-2) resulted in the curve labeled
B in Figure (5-1), Both of the curves calculated from equation
(5-2) showed a variation of phase velocity with frequency, but
the experimental data indicated a constant phase wvelocity,

In Figure (5-2) we compare the damping length predicted by
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equation (5-2) with the experimental curve, As we stated in
Section 4,2, the experimental damping lengths should only be
interpreted as lower limits for the actual damping length,
Nevertheless, we see in Figure (5-2) that equation (5-2) pre-
dicts much heavier damping than we have observed, The predicted
damping also shows very little change with frequency in the

range of the experimental frequencles,

We also tried to obtain a better match between theory and
experiment by adjusting the values of collision frequency and

electron density. None of these attempts were successful.

We emphasize that the curves of Figures (5-1) and (5-2)
represent the best match which we were able to obtain between
the linear theory and the experiment, The situation progres-
sively deteriorated as we considered data taken at higher

pressures,

The discrepancies between the linear theory and the data

are not resolved by a consideration of fluid drift velocities.

-1 21
’

For our experiment we expect Voi £ 10" cm.sec, which means

1 can have little effect on

the observed drift velocity or attenuation, as shown by letting
v

U‘?-:-L-.f, o1l in equations (2-27a) and (2=27b).
P

v
that the ratio (p) £ .1 . Thus V_
D
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The results of this section indicate that the movement
of the striations through the positive colum 1is not adequately
explained by either a one-fluid non-linear theory nor a three-

fluid linear theory of plasma-acoustic wave propagation,



CHAPTER VI

SUMMARY AND SUGGESTIONS FOR FUTURE WORK

6.1 Sumary

Experiments were performed in a hot-cathode glow discharge
which allowed us to determine the velocity, amplitude, funda-
mental frequency, and other parameters of the moving striations
which occur naturally in this type of discharge. A camparison
of these parameters with those glven for similar experiments
performed by other investigators at higher gas pressures ine
dicated that the phenamenon we observed was not unique to the
geametry or operating conditions of our discharge tube but was
a result of the same physical processes operative at the higher

pressures,

The low velocities of propagation of the striations at
some pressures was shown to be incampatible with non-linear
plasma~acoustic wave theorles derived from a one-fluild model,
The inclusion of drift veloeities in the one-fluid model did

not change this conclusion,

The solutions to our linear multi-fluild theory of longl-
tudinal wave propagation in a partlally lonized gas included

T4




the dispersion relation for a wave which is able to propagate
with a very low phase velocity. This dispersion relation was
evaluated by a computer for the plasma parameters descriptive
of our discharge tube,

It was not possible to find a correspondence between the
camputer results and our experimental results, Adjustment of
the values of collision frequencies, plasma frequencies, or

drift velocities was not sufficient to resolve the discrepancies,

On the basis of the failure of both the non-linear and
linear theories to correspond to the observed behavior of
the striations we concluded that there is no relation between
the striations and plasma-acoustic wave theory, a relationship
that has been suggested or assumed by various investigators
since 1930,

6.2 Suggestions for Future Work

The failure of plasma=-acoustic wave theories in explaining
the behavior of the striations, plus the observations by
Sodomskyll and ourselves of five hundred percent variations in
the electron density, strongly indicates that the correct ex-
planation of this phenomenon might be offered by ionization

wave theories such as those of References (4) and (5). However,
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given the present state of develcpment of such theorles, 1t
is doubtful that they can be compared to experimental data in

a meaningful manner,

There is at least one experiment simllar to the one re-
ported in this paper which should be performed, Disturbances
with frequencies on the order of kilocycles per second and
velocities of approximately 10° centimeters per second have
been observed in the steady-state plasma beam produced by
reflex-discharge plasma sources,23 Through the use of the
techniques reported in this paper and the solutions to the
milti-fluid linear theory of Tanenbaum and Meskan,'? 1t should
be possible to determine whether that phenomenon is of the same
nature as the striations in glow discharges or if they are re-
lated to plasma=-acoustic waves, If they do represent plasma
waves, the reflex=discharge will prove to be a most useful
high-electron-temperature device for the study of wave phen-

anena underk steady-state conditions,




APPENDIX

A.1 Dispersion Relations for Longitudinal Waves in a Partly

Tonized Gas19

It is assumed that the following statements are valid

for the plasma medium which we are considering:

1. Unbounded space.

2, No extemal magnetic field perpendicular to the
direction of wave propagation.

3. A fixed percentage of ionization.

4, Three kinds of particles; ions, electrons, and
neutral atoms,

5. Particle densities at which the continuum fluid

equations are valid.

The derivation of the unsimplified dlspersion equation
is similar to the procedure of Tanenbaum and Mintzer, 25
Letting the subscript a denote the electron, ion, or neutral
fluids, we initially write the following equations for each
fluid:

[
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A-1) Conservation of number density,

DNm N
e tN, VeV, =0

A-2) Conservation of momentum,

-d ‘.
DV q. a qQ, 5 b
G=_GE +-‘.!.( XB)_w—?—
DT " m o' m ‘Va o
a a a
—d —
- g vaB(Va-VB)

A-3) Conservation of energy (adiabatic energy law),
P N~ = const,
a a

A-4) 1Ideal gas equation of state,
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A-5) Maxwell's equation,

. 1
v Eebing,  (ge0

where

A=6) Py E Namd

A-T) Vag = Effective collision frequency for mamentum transfer.

PavaB = PgVga a7 B

We next assume that a plane wave solution exists and that

the variables are glven by

A-8) N =N_ +n ei(kx - ut)
a oa Q

—3 -

V =V + 7 ellkx - ut)
a oa o

P =P +pelkx=ut)
a oa a

E .‘ﬁei(kx-ult)
a a
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o a

These variables are inserted into equations (A-l) through
(A<5), and the resulting set of equations is solved for ¥ and
linearized, The linearization is achieved by discarding all

non-linear space and time dependent terms,

The resulting linearized set of equations can be written,

in matrix notatiom,

-
a 17 - N
v =

a

23

]
\O
~
3 U

where A 1s a three-by-three matrix and '\7a is a colum, or

vector, matrix, The existence of non-trivial solutians for

Va requires that the determinant of the ccefficient matrix A

be equal to zero;

A-10) det A =0,

Condition (A-10) gives an algebraic equation of the form

A=11) A(w)k® + B(w)k* + C(w)k? + D(w) = 0
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in which the coefficients A, B, C, and D are camplicated
functions of frequency, collision frequencles, plasma fre-

quencies, and sound speeds,

Tanenbaum and Mintzer dealt with equation (A-1l) by
seeking solutions for k2 which were approximately valid for
particular ranges of w, Moreover their analysis assumes

approximately equal temperatures for all constituents,

We use a different kind of approximation to find sol-
utions of equation (A-1l) which are valid over a wide range
cf frequencies, Many plasmas produced in the laboratory

v

have variables which lie within the ranges

A-12) 1010 <N_ <1016 eml’;  10% <N, < 101 om®

T > T 5 '1‘1’n<1o"°x<Te°

Using these inequalities we find that the following inequal-

1ties are valid:

- 2 2 2
A-13) Ue >> Up >> Ui,n

("1 + vn) << Ve
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2
ve(vi + vn) << ug
2 2

veUi << vi Ue

N

Vv,V _ << g
n

The terms in (A-13) are defined by

A-114) Vo 2 Vet Vs a# B, 6 ;3 B#S
) ykTu ) ",'kTe
Ua = m H Up = —n? (Te >> Ti) .

In order to determine the inequalities (A-13) we use the
following expressions for the collision frequencies for momentum

26 F - .
transfer™ (we assumed T1 4 Tn’ m, = mi).

A-15) = (.3kl)l/2 m(2r )2 Nn
v oW "

\Y
en

B.C

)
=

]
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e e
vV _ =V ]
ne en["hNn
m
_ e -3 e ..3/2
1e “‘—1 (60,1 x 1077 ) (=xm) N,
m, N
i1
Vei vie(me Ne ¢

These collision frequencies are related to the actual
number of collisions per unit time, v('!e, by

m, v!

_ B8 "aB
A-ls) VCB B m +m. .
a 8

Using the inequalities (A-13) reduced the coefficients in
equation (A-11) to

- a2 12 Y2
A=17) A(w) Ue Ui Un

B(w) & - Ué{Ui(wz + iwvn) + Urzl(m2 - i + imvi)}
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Clw) £ Ué{‘““ - wz(wi - im(vi + vn))

U2

1)
- iwiuwn(l + -9-—3)}
inp

P
2 o (b o wh(w2 = - 1w3u2y I
D(w) (w w (we imve) iw WiV pi] .

The only term which causes any difficulty is the factor

For a gas which is ionized sufficlently so that

- 2 U2 (N T << \
A=18) ann << piup , gIvn Tn << Ne Te;

we find the three roots to equation (A=11)

A=19) k2U2 = o2 = w2 + 1wy

i i i

- 202 = o2
A=20) kUn w +iwvn
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k2y? 1‘—+i(m;“ 3)
A—21) Ze = wz w -
w ! v, + v wé v
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w «

e
vi=y o+, +y (=),

Equations (A-19) through (A-21) are valid solutions to
equation (A-1l) except for w % o (For v = w, we use a
separate analysis, which begins with the unsimplified equatio
(A-11), and find no rescnances at w,). Physically, we expect
that the upper frequency limits for the validity of solutions
(A-19) through (A-21) will be those frequencies for which the
initial continuum equations, (A-l) through (A-U4), are no longer
valid,

For the case of a weakly ionized gas where
>
A=22) NnTn 2 N’E‘Te

o U2
we find that the term —— ’2‘ does not affect the validity of
piUp
solutions (A-19) through (A-21) provided




m
A-23) w? 3 vlvy, + "en(qe)) .

(For densities and terperatures typical aof our experiment,
1 m, .1 '
we found that v /2(v + v (=) /2 was often on the order of
n in en'm,
a few hundred cycles per second).
If inequality (A-23) is not satisfied, one must use other
methods to determine the correct roots of equation (A-11). The °

three roots which are approximately correct for w + 0 are found

W e

2 2
iw[UT - Un]

A=21) k2u§. 2 ¢2[1 + ]

y
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- w? U2
A-26) k2 = 2.2 . w? = w? + @l
v2 u2 p e 1
e

Equation (A-24) represents an acoustic wave for which the
ions, electrons, and neutral fluids are tightly coupled.

A heavily damped ion wave is described by equation (A-26),

Equation (A=25) has two possible limits. For

2 2 =
ann << ppUp » (pp pe + pi). we find

- 21712 &
A=2Ta) kUn iwvn

which is a heavily damped neutral wave,
2 2
If ann >> ppUp , We obtain

m
A=2Tb) szf) £ 1 oy, + "en(m‘:'))

which 1s the expression found by Hatta and Sat:o..l8
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